number of reasons have been suggested for this lag in mass-production options for integration. For example, microfluidic devices are often made only for prototyping purposes; so many projects were intended solely for research, not taking into consideration the potentially high costs of commercializing the developed systems. [46, 47] . In addition, there are relatively high additional costs for the currently established techniques of insertion of required functional elements and of device encapsulation [18, 46] . It has also taken a longer time than estimated for new technologies to successfully compete with an existing, well-established, macro-scale technology [39].
Review methodology
This paper aims to review the literature from the perspective of progress achieved towards the manufacture of high volume, integrated microfluidic devices via cost-efficient processes. In this regard, micro-injection moulding and hot-embossing were chosen as the replication processes covered in this review. This is because they are commonly used, high-volume, cost-efficient processes. They both have relatively short cycle times, although it should be noted that the cycle time for hot embossing (few minutes to 10 minutes) is generally longer than that for microinjection moulding (between seconds and minutes). In addition, both processes are similar in terms of polymeric materials used.
Within the context of manufacture by these potential high volume production routes, the review discusses the integration of elements of a microfluidic device. For the purposes of this review, these elements are classified according to their functions, where the selected definition of a "function" is any mechanism of transformation from one basic "constituent," to another, in response to environmental stimuli [48] . The three basic "constituents" are defined as, mass (M), energy (E), or information (I). In this definition, a function is neither the designed purpose of an element, nor the affect of the element on the environment. Instead it is a transformation mechanism [49] . The aim of using this classification system is allow comparison of the state of the art of integration at a fundamental level. This definition results in a set of 9 functions based on the type of input and output constituents as shown in Table 1 :
Inputs

M
To move: e.g. motion of one gear causes another gear to move.
To power: e.g. burning fuel gives off energy.
To activate: e.g. closing a switch sends a signal.
E
To energize: e.g. the volume of a heated fluid increases.
To convert: e.g. a wire carrying a current radiates heat
To detect: e.g. a photocell responds to light with a signal.
I
To actuate: e.g. controller signal a robot to move.
To regulate: e.g. amplifier output is controlled by received signal.
To transfer: e.g. digital to analog conversion. Table 1 : Types of transformation functions [48] For the purposes of this review, some of these classifications were considered too broad.
For example, the "mass to mass" transformation function is described in Table 1 as a motion function "to move", whereas mass-to-mass functions can take different forms such as "to store", "to regulate", "to mix", etc. These forms are referred to here as "function descriptors" and are used as classifiers in the review.
As a second classification, functional elements in micro-fluidic devices are also classified in this review into integrated or non-integrated elements. Integrated elements are defined as elements manufactured as a part of the microfluidic chip, regardless of whether they are fabricated within the micromoulding process itself or added afterwards in a post-moulding process. Nonintegrated elements are those external to the microfluidic chip, and therefore generally are those 6 associated with the input functions to the chip (e.g. fluid delivery), whereas column 9 is allocated for output functions (e.g. detection and analysis).
The remainder of this review follows the structure of Table 2 . Techniques for achieving integrated transformation functions are reviewed in Section II. Section III reviews the literature for non-integrated transformation functions of micromoulded devices. Sealing is done after moulding (2.1.3.2): E.g. bonding, adhesives, etc.
Transformation Functions
-- 
Integrating Functional Elements in Micromoulded
2
As an alternative to conventional interconnection, capillary systems are also used in some 3 applications to deliver the fluid sample to the device. The physical phenomena on which they 
15
The use of micro-injection moulding makes the cycle time almost independent of the number of 16 ports. Tube fittings were fitted in a later stage.
17
Moulded ports were also produced by injection moulding using moving mould-inserts 18 that are shaped like pillars and can be adjusted in length to determine the final depth of the 19 moulded connection port [51] .
20
As mentioned earlier, capillary actions can be used as an alternative fluid-delivery system 21 for interconnects. In an injection-moulded device for monitoring DNA migration, capillary action 22 made the polymer fluid spread in the system, and the subsequent gentle centrifugation flushed the 23 channels [52] . In a similar experiment, a hot-embossed microfluidic device for analysing human 24 sweat applied a propulsion system in which the device was set to collect 600 µl of sweat from 25 human body using capillary action. Afterwards, centrifugation was used to spin the sample out into were used both as a fluid propulsion system and connection system [57] . Since most devices are 12 produced for prototyping purposes, fluid delivery is usually achieved by manual delivery with 13 syringes or pipettes or with syringe-pumps when flow-rate is an important consideration (section 14 3.1 for non-integrated methods). Removable silicon adapters were used to connect standard pipette 15 tips into an injection moulded microfluidic chip [58] .
16
Overmoulding was recently tested as a mass-production technique for both packaging and 17 fluidic interconnection [19, 59] . The method was applied as a generic interconnection system for 18 microfluidic devices and also for post-packaging of a specific commercial pressure sensor module.
19
This technique provides leak-proof connection between the chip and the fluid-delivery system.
20
However, it requires an extra manufacturing steps in which a chip, with features already produced 21 by a prior process step, is inserted in a special mould and overmoulded by the selected polymer.
Fluid manipulation elements 23
In medical diagnostics, as a common example for microfluidic applications, complex 
15
The advantages of the passive control systems make them a preferable system for flow 
23
Passive valving was also applied in a microfluidic device for point-of-care clinical 24 diagnostics [42] . In this device, a special sequence of flow was required in the microchannels, so 25 the flow was controlled using a so-called "structurally programmable" microfluidic system 26 (sPROMs). sPROMs technology allows fluids to move through a set of valves in designed stages 27 with only an on-chip pressure source. It consists of passive valves and flow conduits, which have 28 different pressure drops depending on the structure and surface properties of the fluidic path [66] .
29
Other types of passive systems can also be found in a variety of fluid handling 30 applications. Capillary metering, for example, is used for delivering precisely metered fluids from one reservoir to another in a controlled sequence. Bubble snap-off is one technique that has been 1 presented in the literature for sample metering [18] . Here, a gas bubble in the liquid-gas flow 2 passes through a constriction and breaks up into a number of equally-spaced small bubbles.
3
Although metering is not a valving technique, it is still a passive flow-manipulation technique that 4 is dependent on the same principles of geometry change and fluid-surface interaction.
5
This mechanism can be used in sample metering of microfluidic systems, because a fixed 6 amount of liquid is trapped between two bubbles that are snapped off. change in the geometry of a channel. As the market demand increases for cost-efficient complex 23 systems, more attention is expected to be directed towards passive control systems.
24
A recently introduced concept of passive fluid control systems is the so-called "lotus devices. This is due to the flexibility this allows for modifying of the overall device design.
Furthermore, separate chips can be integrated in standard laboratory equipment, or they allow, by 1 stacking 2.5D chips for example, for 3D designs to be realized. any new microfluidic design could be incorporated into the system for a specific function as long 8 as some fundamental design rules were adhered to. Elastic averaging, which involves the 9 constraints of the layers using dowel pins, was used to align the different chips together.
10
The elastic properties of the material and the constraint structure cause deformations in 
21
The integrated functions included chambers and buffer reservoirs, multiplexing channels 22 and a dispenser. Valves and other functional elements were also integrated, and they will be and DNA electrophoresis [37] . COC was also injection moulded to produce a laminate-type 10 microfluidic device for PCR application [73] .
11
Both micro-injection moulding and hot-embossing were used to produce an integrated 12 chip for protein analysis [74] . Micro-injection moulding was used to fabricate the COC substrate 13 with micro-channels, while hot-embossing was used to fabricate a polymeric piezoelectric micro-14 diaphragm. The two parts were bonded together using UV adhesive bonding in a subsequent step.
15
When it comes to valving, some integrated solutions were presented for micromoulding. In order not to affect the cycle time, the micro-structured cavity is allowed to be 9 exchanged during the machine cycle such that the process steps of demoulding, positioning of 10 insert and heating the cavity for Variothermal processing can be done at an external station. In 11 other words, an external cycle is allowed to take place parallel to the main cycle of the machine.
12
In order to ensure dimensional stability, the behaviour of different materials for both the 13 insert and the polymer in the injection process should be considered. Additionally, the influence of 14 the flow direction of the polymer is also significant for dimensional stability. 
Non-integrated Functional Elements
26
The same system was applied for an injection-moulded integrated microfluidic device for blood-27 typing, where the blood and the serum streams were pumped with two separate syringe-pumps to
In an injection-moulded device, syringe pumps were also used to control flow inlets in a 
20
An electric field has been applied through integrated electrodes in order to control voltage 21 changes leading to particle separation by electrophoresis [13, 101] or electro-osmotic flow [37] . 
Non-integrated elements involving energy-to-energy 23 transformation functions 24
Power supply sources are commonly used to deliver electrical power to different 25 functional elements on the chip. As mentioned previously, with integrated elements for energy-to-26 energy transformation (section 2.3), an external power source is needed to supply high voltages or 27 to operate heaters. Electrophoresis microfluidic devices reviewed in this paper needed a source of 28 high voltage either from lab-scale power supplies [9,12,15, 
12
Inspection is essential for the majority of microfluidic applications, because it is usually 13 required to observe the micro-scale motion of the fluid or to count specific particles. were also used for monitoring sample movement in channels [15] .
17
In other applications, especially in DNA separation processes, fluorescence is the most The classification system used in this review was intended to link the functional aspects technologies. This approach was summarised in Table 2.   12 The approach used in this paper gave an indication of the level of difficulty involved in 13 integrating each of these generic components and the relationship of this to the elements' 14 transformation function. For example, Table 2 showed that elements of relatively "simple" 15 transformation function, e.g. mass-to-mass, are likely to be directly micro-mouldable (column 6),
16
whereas other transformation functions appear to be currently not-integrated (columns 8 and 9). 
28
This is one of the major reasons why much of the current state of art of microfluidic chips is 29 mainly confined to prototypes that are not easily mass-manufacturable. Table 2 offered an overall summary of the current state of integrated, replicated, 1 microfluidic devices based on thermoplastic high-volume processes. Hence, the blanks in Table 2 2 represent examples of one of two possibilities: either research gaps, or applications that are not yet 3 needed. It is possible to separate the two by noting whether the application is currently achieved 4 by non-integrated means. An example of the former is the mass-production of a fluid-propulsion 5 system (energy-to-mass) that is fully integrated in a microfluidic system. This requirement is 6 currently met only by non-integrated syringe pumps and centrifugal forces. An example of the 7 latter is the mass-production of a mass-to-energy system, where there is no indication in the 8 literature of a non-integrated system having been developed.
9
In this regard, several transformation functions were not discussed in the review as no 10 integrated or non-integrated examples were found in the literature. These are highlighted by the 11 blank rows in Table 2 . These were mass-to-energy (as noted above), mass-to-information, 12 information-to-mass, information-to-energy and information-to-information.
13
The classification method was limited to the transformation from one basic element to 14 another. Therefore, elements that have multiple inputs or outputs were not presented in Table 2 . 
18
The classification method, represented in Table 2 , was mainly directed to the viewpoint of 19 a "designer" wishing to design a microfluidic system consisting of a set of integrated functions, 20 which, at the same time, would be producible by high-volume polymer replication processes.
21
However, for a manufacturer, the focus might be mainly on the integration technique, i.e. how to 22 integrate an external element by high-volume processes.
23
To attempt to satisfy such a requirement, Table 3 
Geometrical constraints for microfluidic subsystems 13
Micromoulding has become an established technique for producing microfluidic chips 
Energy-conversion functional elements 25
Post-processing is currently the dominant technique for integrating such elements, but this 26 is time consuming and a considerable bottleneck in mass-production. In addition, they are main 27 sources of raised manufacturing costs, knowing that back-end processing steps can make up to In-line sealing has been described, very briefly, within the literature for micro-injection 
Fluid delivery to the device 20
Most of the available interconnection solutions are either not suitable for mass-21 production, for example drilling and gluing, or too expensive, for example self-adhesive ports.
22
Fluid delivery can be improved by designing a fitting system that can be moulded together with 23 the device substrate (or lid) to allow standard tubes to be attached more easily and securely. 
Fluid propulsion 1
Fluid pumping is generally still performed by off-chip sources or at least with the 2 interaction of external elements, because energy-to-mass functions currently require external 3 sources of energy. Pre-installing the required reagents and using capillary motion are suggested 4 alternatives, unless a continuous-flow system is required for specific applications. In mass-5 production environment, a fluid propulsion element could be manufactured externally, such as air-6 pressure pumps, and then integrated as an insert within a moulding process. 
Conclusion
12
The review showed considerable differences between the level of integration of elements, 
18
The review also assessed the options for integration of elements by such high volume 19 processes. Post-processing appeared relatively common, followed by on-machine assembly, direct 20 integration and then modular integration.
21
Potential developments in several key areas were assessed. Overmoulding, insert- 
